Geothermomicrobium terrae gen. nov., sp. nov., a novel member of the family Thermoactinomycetaceae isolates, were recovered from the Rehai geothermal field, Tengchong, Yunnan province, southwest China. Good growth was observed at 50-55 6C and pH 7.0. Aerial mycelium was absent on all media tested. Substrate mycelium was well-developed, long and moderately flexuous, and formed abundant, single, warty, ornamented endospores. Phylogenetic analysis of the 16S rRNA gene sequences of the two strains indicated that they belong to the family Thermoactinomycetaceae. Similarity levels between the 16S rRNA gene sequences of the two strains and those of type strains of members of the Thermoactinomycetaceae were 88.33-93.24 %; the highest sequence similarity was with Hazenella coriacea DSM 45707 T . In both strains, the predominant menaquinone was MK-7, the diagnostic diamino acid was mesodiaminopimelic acid and the major cellular fatty acids were iso-C 14 : 0 , iso-C 15 : 0 and iso-C 16 : 0 . The major polar lipids were diphosphatidylglycerol, phosphatidylmethylethanolamine, unidentified polar lipids and unidentified phospholipids. The genomic DNA G+C contents of strains YIM 77562 T and YIM 77580 were 45.5 and 44.2 mol%, respectively. DNA-DNA relatedness data suggest that the two isolates represent a single species. Based on phylogenetic analyses and physiological and biochemical characteristics, it is proposed that the two strains represent a single novel species in a new genus, Geothermomicrobium terrae gen. nov., sp. nov. The type strain of Geothermomicrobium terrae is YIM 77562 T (5CCTCC AA 2011022
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The genus Thermoactinomyces was proposed by Tsilinsky (1899) and its members were long recognized as actinomycetes because of their morphological characteristics, forming aerial and substrate mycelium. However, the genus has now been placed within the order Bacillales (Park et al., 1993; Stackebrandt & Woese, 1981; because of similarities in the development, heat resistance and other properties of the endospores to those of strains of the genus Bacillus (Cross et al., 1971 ) and because of their lower DNA G+C contents and phylogenetic differences from actinomycetes. Based on further 16S rRNA gene sequence analysis, as well as chemotaxonomic and physiological characterization, the genus was divided into four genera, Thermoactinomyces sensu stricto, Laceyella, Thermoflavimicrobium and Seinonella (Yoon et al., 2005) . Subsequently, the family Thermoactinomycetaceae was described by Matsuo et al. (2006) to accommodate these four genera together with Planifilum (Hatayama et al., 2005) and Mechercharimyces (Matsuo et al., 2006) . Other genera have since been described and included in the family, such as Shimazuella (Park et al., 2007) , Desmospora (Yassin et al., 2009) , Kroppenstedtia (von Jan et al., 2011) , Melghirimyces (Addou et al., 2012) , Lihuaxuella (Yu et al., 2012) , Marininema , Polycladomyces (Tsubouchi et al., 2013) and Hazenella (Buss et al., 2013) . The description of the family has been emended by Yassin et al. (2009 ), von Jan et al. (2011 and Li et al. (2012) . The members of the family are characterized by the formation of a single, non-stalked spore on the aerial or substrate hyphae or consecutive spores on straight or branched sporophores. They are aerobic, Gram-positive and thermophilic, except for six species, Seinonella peptonophila (Nonomura & Ohara, 1971; Yoon et al., 2005) , Mechercharimyces asporophorigenens, Mechercharimyces mesophilus (Matsuo et al., 2006) , Shimazuella kribbensis (Park et al., 2007) , Marininema mesophilum and Hazenella coriacea (Buss et al., 2013) , which are mesophilic, growing at below 45 u C.
The Rehai geothermal field, located within the Indo-Burma Range near the border between China and Myanmar (Burma) within Tengchong County, in central-western Yunnan Province, is the largest and most intensively studied geothermal field in China. During our investigation of thermophilic micro-organisms in this geothermal field, three members of the family Thermoactinomycetaceae have been described in previous studies (Chen et al., 2012; Yu et al., 2012; Zhang et al., 2010) , and Planifilum yunnanense, described by Zhang et al. (2007) , was also isolated from this area. Here, we characterize another new member of the family Thermoactinomycetaceae on the basis of phylogenetic and polyphasic biochemical studies.
Strains YIM 77562 T and YIM 77580 were isolated from a geothermal soil sample (24.95014 u N 98.43742 u W) collected from Rehai National Park by the serial dilution technique using R2A medium (BD) after 1 week of incubation at 55 u C. The purified isolate was then routinely cultured on International Streptomyces Project medium 2 (ISP 2) agar (Shirling & Gottlieb, 1966) at 50 u C and maintained as a glycerol suspension (20 %, w/v) at 280 u C.
Gram staining was carried out by using the standard Gram reaction and was confirmed by using the KOH lysis test method (Cerny, 1978) . For cultural characterization, strains YIM 77562 T and YIM 77580 were grown for 1-7 days at 50 u C on ISP media 2, 3, 4 and 5 (all prepared as described by Shirling & Gottlieb, 1966) , nutrient agar (NA; Difco), Czapek's agar, potato-glucose agar prepared as described by Dong & Cai (2001) and tryptic soya agar (TSA). Colours were determined by using colour chips from the ISCC-NBS colour charts (standard samples, no. 2106) (Kelly, 1964) . In order to determine cell morphology, strains YIM 77562 T and YIM 77580 were grown on ISP 2 agar at 50 u C for 3 days and then observed by using light (BH-2; Olympus) and scanning electron (QUANTA 200; FEI) microscopes. Ranges of temperature (25-70 u C) and NaCl concentration (0-10 % added, w/v) for growth were determined on ISP 2 agar by incubating the cultures for 15 days (at 50 u C for NaCl experiments). The pH range (pH 4-10, using the buffer system described by Xu et al., 2005) for growth was tested at 50 u C for 28 days by culturing the strains in ISP 2 broth. Utilization of carbohydrates as sole carbon sources was tested by the methods described by Shirling & Gottlieb (1966) and Locci (1989) . Nitrogen source utilization was determined according to Williams et al. (1989) . Oxidase activity was determined from the oxidation of tetramethyl p-phenylenediamine. Catalase activity was determined with hydrogen peroxide. Tests for hydrolysis of gelatin, cellulose, starch and Tweens 20, 40, 60 and 80, milk coagulation and peptonization, reduction of nitrate and urease activity were determined as described by Gonzalez et al. (1978) with incubation for 2 weeks at 50 uC.
Good growth of strains YIM 77562
T and YIM 77580 was observed on ISP 2, ISP 3 and NA, and moderate growth was observed on ISP 4, ISP 5 and Czapek's agar, while no growth occurred on TSA or potato-glucose agar. Aerial mycelium and diffusible pigment were not observed on any of the test media. The two strains formed white substrate mycelium on ISP 4, ISP 5 and Czapek's agar and formed grey-yellow substrate mycelium on ISP 2 agar and NA. Strain YIM 77562
T formed white substrate mycelium on ISP 3 agar, while strain YIM 77580 form yellow-white substrate mycelium. Microscope studies revealed that cells of the two strains were long, with moderately flexuous hyphae, forming single, warty, ornamented endospores ( Fig. 1) . Growth of strains YIM 77562 T and YIM 77580 was observed at 30-60 u C, with optimum growth at 50-55 u C, and at pH 5.0-8.0, with optimum growth at pH 7.0. The two strains tolerated up to 1.0 % (w/v) NaCl and exhibited optimum growth with no added NaCl. The detailed physiological properties of the strains are shown in Table  1 and are given in the species description.
Biomass for chemotaxonomic analyses was obtained from cultures grown to the stationary phase. The two strains were inoculated into ISP 2 medium and incubated at 50 u C on a rotary shaker (200 r.p.m.) for 3 days. The isomer of diaminopimelic acid and whole-cell sugars were analysed according to the procedures developed by Hasegawa et al. (1983) and Tang et al. (2009) . Polar lipids were extracted as described by Minnikin et al. (1979) and identified by two-dimensional TLC followed by spraying with specific reagents (Collins & Jones, 1980) . The respiratory quinones were extracted and purified as described by Collins et al. (1977) and analysed by HPLC (Groth et al., 1997) . Cellular fatty acid methyl esters were prepared as described by Sasser (1990) and analysed according to the manufacturer's instructions of the Microbial Identification System (Sherlock version 6.1; MIDI database, TSBA6). The gas chromatograph was an Agilent Technologies 7890A GC System. The G+C content of the genomic DNA was determined by using the HPLC method (Mesbah et al., 1989) .
The two strains contained meso-diaminopimelic acid as the diagnostic diamino acid in the cell-wall peptidoglycan and the whole-cell sugars detected were mannose, ribose, rhamnose, glucose and galactose, but there were no diagnostic sugars. MK-7 was the only menaquinone of the two strains. The polar lipid profile of strain YIM 77562 T contained diphosphatidylglycerol, phosphatidylmethylethanolamine, phosphatidylglycerol, phosphatidylethanolamine, four unidentified polar lipids, two unidentified phospholipids and an unidentified aminophospholipid (Table 1 and T except that an additional unidentified phospholipid (PL3) was present (Fig. S1b) . The cellular fatty acid profiles (.0.5 % of total fatty acids) of strains YIM 77562 T and YIM 77580 were composed of iso-C 14 : 0 (34.1 and 34.0 %, respectively), iso-C 15 : 0 (33.6 and 36.9 %), iso-C 16 : 0 (21.2 and 16.9 %), anteiso-C 15 : 0 (3.6 and 4.1 %), iso-C 13 : 0 (0.9 and 0.6 %), iso-C 17 : 0 (1.5 and 1.4 %), iso-C 16 : 1 H (1.7 and 1.2 %), C 14 : 0 (1.0 and 1.7 %), C 16 : 0 (1.0 and 1.1 %), summed feature 1 (iso-C 15 : 1 H and/or C 13 : 0 3-OH; 0.6 and 0.5 %) and summed feature 4 (iso-C 17 : 1 I and/or anteiso-C 17 : 1 B; 0.5 and 0.5 %). The DNA G+C contents of strains YIM 77562 T and YIM 77580 were 45.5 and 44.2 mol%, respectively.
Extraction of genomic DNA and PCR amplification of the 16S rRNA gene were performed as described by Li et al. (2007) . The resulting 16S rRNA gene sequences of the two strains were compared with available 16S rRNA gene sequences of cultured species from GenBank via the BLAST program and the EzTaxon-e server (http://eztaxon-e. ezbiocloud.net/; Kim et al., 2012) . Multiple alignments with sequences of closely related taxa were carried out using CLUSTAL_X (Thompson et al., 1997) . Gaps at the 59 and 39 ends of the alignment were omitted from further analysis. A phylogenetic analysis was performed using the software package MEGA version 5.0 (Tamura et al., 2011) . Evolutionary distances were calculated using the distance options according to Kimura's two-parameter model.
Clustering using the neighbour-joining (Saitou & Nei, 1987) , maximum-parsimony (Fitch, 1971) and maximumlikelihood (Felsenstein, 1981) methods was determined by using bootstrap values based on 1000 replicates. DNA-DNA hybridization between strains YIM 77562 T and YIM 77580 was carried out by applying the fluorometric microwell method (Ezaki et al., 1989; He et al., 2005) at the optimal hybridization temperature (37 u C). The experiment was performed with five replications, and the DNA-DNA relatedness value is expressed as the mean of the five values. T and YIM 77580 revealed that the two strains belong to a separate line within the family Thermoactinomycetaceae that is distinct from all other genera within the family and form a well-supported clade (supported by a bootstrap value of 97 %; see Fig. 2 ) with Shimazuella kribbensis DSM 45090 T . The topologies of the trees generated with the maximum-parsimony and maximum-likelihood algorithms were similar ( Figs S2 and S3) . The 16S rRNA gene sequence similarity between strains YIM 77562 T and YIM 77580 was 99.5 %, and the determined DNA-DNA relatedness was 79.2±2.8 %. In the current bacterial systematics, a species is defined when DNA-DNA relatedness between two strains is below 70 % (Wayne et al., T and YIM 77580 (Geothermomicrobium terrae gen. nov., sp. nov.) from members of other genera classified in the family Thermoactinomycetaceae Taxa: 1, Geothermomicrobium terrae gen. nov., sp. nov. (data from this study); 2, Shimazuella (data from Park et al., 2007) ; 3, Seinonella (Yoon et al., 2005) ; 4, Hazenella (Buss et al., 2013) ; 5, Lihuaxuella (Yu et al., 2012) ; 6, Laceyella (Lacey & Cross, 1989; Yoon et al., 2005) ; 7, Thermoactinomyces (Lacey & Cross, 1989; Yoon et al., 2005) ; 8, Thermoflavimicrobium (Lacey & Cross, 1989; von Jan et al., 2011; Yoon et al., 2005) 
Almost

Strains YIM 77562
T and YIM 77580 are Gram-stainpositive and show filamentous growth, heat resistance and endospores produced singly along the mycelium. The two strains contained meso-diaminopimelic acid in the cell wall and the predominant menaquinone was MK-7. These results are consistent with those obtained previously for other members of the family Thermoactinomycetaceae. The phylogenetic analysis also indicated the two strains fell within the family Thermoactinomycetaceae, but belonged to a separate line. In this study, in spite of the BLAST results showing that the two strains had the highest 16S rRNA gene sequence similarity to members of the genus Hazenella, the two strains formed a coherent clade with genera Shimazuella and Seinonella in the phylogenetic tree (Fig. 2) . The two novel isolates could be clearly distinguished from members of these three genera as well as other genera of the family Thermoactinomycetaceae (Table 1 ). The absence of aerial mycelium differentiates the two strains from all genera in the family Thermoactinomycetaceae except Hazenella, Lihuaxuella, Planifilum and Marininema. The two strains could not hydrolyse gelatin, which further differentiates from almost all members of the family except members of the genera Shimazuella, Seinonella and Marininema. Their relatively high optimal growth temperature differentiates them from members of the genera Shimazuella, Seinonella, Mechercharimyces, Marininema, Hazenella and Kroppenstedtia. The predominant menaquinone differentiates them from members of the genera Shimazuella, Laceyella and Mechercharimyces. The presence of meso-diaminopimelic acid in the cell-wall peptidoglycan differentiates them from members of the genera Marininema, Melghirimyces and Kroppenstedtia. These results suggest that strains YIM 77562 T and YIM 77580 represent a novel species in a new genus, for which the name Geothermomicrobium terrae gen. nov., sp. nov. is proposed.
Description of Geothermomicrobium gen. nov.
Geothermomicrobium (Ge.o.ther9mo.mi.cro9bi.um. Gr. n. ge the Earth; Gr. n. thermos heat; N.L. pref. micro-from Gr. adj. mikros small; Gr. n. bios life; N.L. neut. n. Geothermomicrobium a microbe from hot earth).
Cells are Gram-stain-positive, aerobic and thermotolerant. Aerial mycelium is not produced. The substrate mycelium is well-developed, long and moderately flexuous. Single warty, ornamented endospores are formed on the substrate mycelium. The cell-wall peptidoglycan contains meso-diaminopimelic acid and the whole-cell sugars are mannose, ribose, T and YIM 77580 within the family Thermoactinomycetaceae. Bacillus subtilis NCDO 1769 T and Geobacillus stearothermophilus DSM 22 T were used as an outgroup. Bootstrap values greater than 50 % are given at branch points; asterisks denote nodes that were also recovered using the maximum-parsimony and maximum-likelihood methods. Bar, 0.01 substitutions per nucleotide position.
rhamnose, glucose and galactose, but there are no characteristic sugars. The predominant menaquinone is MK-7. Major fatty acids are iso-C 14 : 0 , iso-C 15 : 0 and iso-C 16 : 0 . The major polar lipids are diphosphatidylglycerol, phosphatidylmethylethanolamine, unidentified polar lipids and unidentified phospholipids. The DNA G+C content is about 44-46 mol%. The type species is Geothermomicrobium terrae.
Description of Geothermomicrobium terrae sp. nov.
Geothermomicrobium terrae (ter9rae. L. gen. n. terrae of the soil, the source of the type strain).
In addition to the genus description, exhibits the following characteristics. Good growth is observed on ISP 2, ISP 3 and NA; grey-yellow substrate mycelium is formed on ISP 2 medium. Soluble pigments are not produced on any of the tested media. Growth occurs at 30-60 u C, pH 5.0-8.0 and at NaCl concentrations of not more than 1 % (w/v). Optimal growth occurs at 50-55 u C, pH 7.0 and no added NaCl. Positive for oxidase, catalase, milk coagulation and peptonization. Tests for nitrate reduction, gelatin liquefaction and hydrolysis of urea, starch and cellulose are negative. Tweens 40, 60 and 80 are hydrolysed, but Tween 20 is not. Raffinose, glucose, sucrose, galactose, cellobiose and mannose can be utilized as sole carbon sources, but ribose, fructose, trehalose, xylitol, lactose, maltose, rhamnose, xylose, mannitol, glycerol and L-arabinose are not utilized. L-Histidine, L-asparagine, L-cysteine, L-tryptophan, L-tyrosine and L-phenylalanine are utilized as sole nitrogen sources, but not hydroxy-L-proline, L-cystine, Lthreonine, L-valine, L-alanine, L-lysine, L-proline, L-arginine, L-ornithine, L-methionine, L-serine or L-glycine. In addition to the components described for the genus, the polar lipid profile includes four unidentified polar lipids, two unidentified phospholipids and an unidentified aminophospholipid.
The type strain, YIM 77562 T (5CCTCC AA 2011022 T 5 JCM 18057 T ), was isolated from a geothermal soil sample collected at Rehai National Park, Tengchong, Yunnan Province, south-west China. The DNA G+C content of the type strain is 45.5 mol%.
